Ocean currents have many profound impacts on marine life, moving not only animals and plants around the ocean but also redistributing heat and nutrients. While some of these impacts have been well known for many decades, there have been major recent developments in this area. Biologists are increasingly collaborating with physical oceanographers. At the same time, methods to accurately predict ocean currents and their variability have improved over a broad range of spatial and temporal scales. Emerging from these initiatives is an understanding of how currents impact the connectivity of marine populations, how they infl uence the migration of strong swimmers, including whales and turtles, and how changing currents, as part of global climate change, may re-shape entire communities.
Measuring ocean currents
Currents are found at a huge range of scales. For example, in the open ocean, currents may move around small submesoscale features, only a few hundred meters in size, around mesoscale features, a few tens of kilometers across, such as ocean rings and eddies, or may fl ow across or around entire ocean basins including well known features such as the Gulf Stream (North Atlantic), Kuroshio Current (North Pacifi c) and Agulhas Current (Indian Ocean). Solar heating and wind blowing over the ocean surface are two primary forces that provide energy for these currents. In coastal waters, tidal fl ows may also be strong and highly variable over scales of a few hours. While general features of currents are often well known, the variability of fl ow within currents is often much harder to assess. So how do you measure ocean currents? One approach is to moor a current meter in the ocean, described as a Eulerian measurement, where the current is assessed at one fi xed location. A second approach is to track a free-fl oating drifter placed in the ocean, described as a Lagrangian approach. Lagrangian drifters viruses that spend their entire life drifting. In addition, many large actively swimming animals have juvenile life stages that drift, at least to some extent. For example, many species of fi sh have pelagic drifting eggs and larvae, while sea turtle hatchlings often drift for long periods. Furthermore, many coastal animals and plants living anchored to the seabed, such as barnacles, mussels, corals and mangroves, produce drifting larvae or seeds. Even terrestrial species, such as tortoises and lizards, can be carried by currents to colonize new areas, often rafting on debris such as tree trunks or coconuts. For a long time it has been known that the pattern of drift of individuals infl uences the species diversity on islands. For example, small, remote islands are expected to have low rates of colonization. However, this fi eld is moving forward with improved information on ocean currents now allowing the 'oceanographic distance' between isolated sites to be assessed, i.e. a robust estimate of the drift time and hence a measure of the connectivity of one site to another. This oceanographic distance is often not the same as the geographic distance and also has a directionality component. For example, when a strong current fl ows from site A to site B, then the oceanographic distance from A to B will be much smaller than the oceanographic distance from B to A. Over scales ranging from tens to thousands of kilometers, it is now being shown how currents, and the resulting oceanographic distances, shape population genetic structure and the evolution of species through the impact of drifting life stages on rates of gene fl ow.
Impact of ocean fl ows on ocean migrants
Even a strong swimmer, such as an adult whale, will be impacted by currents, which may carry it off course. Whether animals can perceive this current drift and adjust their course appropriately is a research area attracting much interest and straddles the boundaries between sensory biology, animal physiology and physical oceanography. It may be very hard for an animal to perceive the current that it is in, without reference to a fi xed point, such as the coast or the seabed. So, for animals being carried by currents in Primer are often tracked by satellite as they drift for months or years and reveal the huge complexity of currents overlaying the general ocean fl ows (Figure 1 ). Ocean currents constantly change, so often the ocean fl ow is nothing like that depicted in an atlas; instead it is much more turbulent and chaotic. It is this complex fl ow fi eld that animals and plants in the water will drift and swim through.
As well as these direct measurements of currents, numerical models are increasingly used to predict ocean currents based on, for example, wind data and buoyancy fl uxes (heat and freshwater exchange). Often the motivation for the development of these models has been unrelated to marine biology. For example, police forces and coast guards use numerical models to predict where bodies washing ashore have originally entered the water, while regulatory authorities use numerical models to predict the point of origin of oil slicks as well as scenarios for the spread of contaminants. Early attempts using numerical models showed how animals and plants might drift thousands of kilometers across oceans, but these models often lacked resolution to accurately predict trajectories and rates of travel. Nowadays, higher resolution models provide a far more realistic view of currents, with validation exercises comparing simulated drift patterns with real Lagrangian drift trajectories. So, where there is a lack of direct measurements of ocean currents (e.g. with Eulerian or Lagrangian approaches), numerical models are increasingly used to help fi ll in the data gaps as well as providing 3D information, i.e. the fl ows at depth. Additionally, some aspects of ocean currents can be assessed by satellite measurements, such as the fl ows around mesoscale features.
Plankton, connectivity and island biogeography Many animals and plants in the ocean drift during one or more stages in their life ( Figure 2 ). It is well known that plankton drift with currents, ('plankton' being derived from the Greek word "planktos", meaning 'wandering'). Within this group are countless animals (zooplankton), plants (phytoplankton; see also the QuickGuide by Andrew Brierley in this issue), bacteria and Current Biology 27, R431-R510, June 5, 2017 R471 passively when in favorable areas, but, consistent with the expectation from laboratory experiments, they sometimes actively swim away from unfavorable areas.
In contrast to hatchlings, adult turtles are large, powerful swimmers that often travel across the open ocean between foraging and breeding sites. However, currents may defl ect even a powerful the open ocean to unfavorable areas, the fi rst challenge is to perceive their current drift. Next is the challenge of being able to swim strongly enough to overcome the current drift. Sea turtles have become a classic group in which to examine how these two challenges are met, i.e. perceiving drift to unfavorable areas and swimming directionally to overcome current drift. Upon entering the sea, turtle hatchlings swim offshore for around 24-48 hours and are then thought to largely drift with ocean currents, at least initially. Numerical models have shown the likely drift patterns of hatchlings for sites around the world and suggest that hatchlings may often imprint on favorable foraging areas that they encounter during passive drift and then return faithfully to those areas as adults. However, currents can, on occasion, carry hatchlings to unfavorable areas, e.g. parts of the ocean that are too cold. Elegant laboratory experiments have shown how hatchlings can orient with respect to components of the Earth's magnetic fi eld, such as the fi eld inclination and intensity. These geomagnetic coordinates can provide a map spanning ocean basins. So while it remains uncertain whether a turtle can directly measure the current around itself in the open ocean, if it gets carried over a long distance, then it may be able to use its geomagnetic map to perceive where it has been carried. Measuring if and when any compensatory directional swimming occurs in young sea turtles is not straightforward. First, satellite tracking tags that allow individuals to be followed for extended periods have traditionally been too large to attach to young (<1 year old) sea turtles. Second, there is the problem of obtaining synoptic data of the currents where a small turtle is located. Both these hurdles have been overcome in recent years. Miniature satellite tags have been developed to track hatchlings as small as about 10 centimeters in carapace length (Figure 2) . Also, Lagrangian drifters have been deployed alongside tracked turtles to measure the ambient currents, while historic Lagrangian drifter data and numerical models have been used to provide further information on local current patterns as small turtles travel across oceans for many months or even years. These approaches have started to reveal how small turtles drift R472 Current Biology 27, R431-R510, June 5, 2017 swimmer off course. Whether migrating turtles are able to maintain an optimum course during open-ocean crossings again requires detailed tracks of animals as well as good synoptic information about the currents. Perhaps surprisingly, from a mathematical perspective of minimizing the travel costs, the optimum route to follow in a cross fl ow is not a straight line, but is in fact a curving route that heads slightly upstream. Known as 'Zermelo's navigation problem', fi nding the optimum route in cross fl ows is a classic mathematical problem. The most recent evidence suggests that adult turtles do not follow the Zermelo route. Instead they follow routes that, while not perfect in terms of minimizing travel times, are good enough to get them to their goal. It may be that migrating adult turtles cannot perceive any current defl ection or that their map sense of their position is simply too imprecise to allow optimum route fi nding.
The same issues of current defl ection have been explored in other animals. For example, large jellyfi sh can be equipped with tags and tracked in relation to the local current fl ows ( Figure  2 ). Often jellyfi sh have preferred coastal habitats and do not want to be washed out to sea. Simultaneous tracking of jellyfi sh and the ambient current fl ows, shows how large jellyfi sh can be surprisingly strong swimmers that show directional swimming to help maintain their position. The sensory modality that allows jellyfi sh to accomplish this feat remains uncertain.
Currents and climate change
One of the effects of global climate change is that ocean currents may change, both in temperature and in strength, due, for example, to changing wind patterns, heat balance and freshwater infl ows from glacial melting. However, that change will not be uniform, and may in fact be quite episodic. Clearly any changes in ocean currents will impact the features described above with regards to the connectivity of populations and impacts on ocean migrants. Some of these impacts of changing currents are already being described. For example, many species of eels perform amazing breeding migrations that are intimately linked to ocean currents. European eels (Anguilla anguilla) live in rivers and lakes across Europe. However, these eels breed in the Sargasso Sea in the western Atlantic. Adult eels travel down rivers, sometimes fi rst crawling across land to get into those rivers from lakes, and then swim thousands of kilometers to the Sargasso Sea to spawn. The developing eggs and larvae then drift back across the North Atlantic in the North Atlantic Current, before swimming back into rivers as tiny elvers. In this cycle, the role of currents is crucial as certainly the eggs and very young larvae will be largely passive drifters. Numerical models have now started to hint that declines in the abundance of European eels may, at least partly, be due to long-term changes in the North Atlantic current, which reduces the probability that the developing eels are carried back to European rivers.
Other examples show how changing ocean currents may alter entire communities. A recent example comes from Western Australia where the coastal Leeuwin current transports warm equatorial water to cooler more southerly latitudes. The strength of this current varies from year-to-year. In 2010-2011 a particularly strong southerly fl ow of warm water in the Leeuwin current was linked to an extreme La Niña event and caused water temperatures in coastal areas to rise by up to 5°C. This temperature spike had dramatic impacts, killing many of the sessile fauna and fl ora, including the bleaching of corals and the die off of seagrasses. Ocean currents also have major impacts on climate and hence terrestrial systems, such as infl uencing the incidence of droughts and bush fi res.
Currents can also reveal the heterogeneity of the ocean with, for example, circulating warm and coldwater rings, sometimes a few tens of kilometers across, revealed by satellite imagery (Figure 3 ). This heterogeneity may infl uence the abundance of prey for foraging marine animals and hence animal search patterns and movements. Often frontal areas, i.e. the boundary between currents, may cause localized high abundance of prey and so are areas targeted by predators. Identifying how animal movement patterns are shaped by the heterogeneity of their environment is a key question in marine megafauna movement ecology.
Outlook
The impacts of ocean currents in transporting passive drifters and defl ecting large migrants has many parallels with the impacts of wind on the transport of insects and seeds as well as the defl ection of migrating birds. Ongoing studies are attempting to give an overarching view of the impact of fl ows for unrelated taxa moving in different media (air/ water) and in different ways (fl ying, swimming, drifting). In the case of both winds and currents, technical developments with tracking animals will improve our understanding of the impact of fl ows. First, there is the development of approaches for following smaller and smaller animals. For example, while small sea turtles can now be tracked, in the atmosphere remote sensing techniques allow the tracking of millions of insects, only a few millimeters in size, which is transforming our understanding of how insects travel large distances. Second, as well as instruments for simply following animals, there may be the development of approaches for directly recording the current fi eld, or wind, they are moving within. For example, if an animal can be tracked and at the same time its heading and speed of travel with respect to the environment are recorded (e.g. a swim speed indicator), then, by vector addition, the current can be directly assessed as the difference between the track vector and the vector produced by multiplying heading by speed (Figure 2) . Collaborations between molecular biologists and physical oceanographers will allow new insights into very rare events that may nonetheless shape community structure, such as the colonization of distant sites by dispersal stages of animals and plants as well as the potential for species with rapid generation times to evolve as currents carry them to new areas. As time-series lengthen and the ability of species to adapt to ocean warming becomes clearer, so the impacts of changing currents will become easier to assess. 
